Intestinal ischaemia-reperfusion (II/R) injury is a serious clinical problem. Here we have investigated novel mechanisms and new drug targets in II/R injury by searching for microRNAs regulating such injury.
Introduction
Intestinal ischaemia-reperfusion (II/R) injury, a serious clinical problem, appears as a result of trauma, shock, organ transplantation and end-organ failure (Berlanga et al., 2002; Pope et al., 2012) . II/R can cause systemic inflammatory response syndrome (SIRS), distant organ damage and multiple organ dysfunction syndrome (MODS) (Dwivedi et al., 2007; Goldsmith et al., 2012) . Thus, it is critically important to investigate novel mechanisms and drug targets that could regulate II/R to facilitate the development of therapeutic strategies in this event.
Several biological processes including oxygen free radical accumulation, lipid peroxidation, apoptosis, cell injury and inflammation have been considered as the mediators of ischaemia-reperfusion (I/R)-induced intestinal mucosal damage (Watanabe et al., 2008; Marcus et al., 2013) . Among them, oxygen free radicals caused by II/R injury can directly damage intestinal mucosa, increase the permeability of systemic microcirculation, destroy cell membrane, trigger lipid peroxidation and eventually lead to cell apoptosis or necrosis (Sukhotnik et al., 2009) . At the same time, the uncontrolled inflammatory response is an important mechanism underlying SIRS (Deitch et al., 2006) . Furthermore, in the early stage of II/R, large amounts of oxygen free radicals, intracellular calcium overload and mitochondrial dysfunction can induce cell apoptosis and then cause damage to the intestinal epithelium (Liu et al., 2015) . However, the molecular mechanisms of II/R injury are not fully understood. Hence, it is important to investigate the underlying mechanisms for development of effective therapies against the disease.
MicroRNAs (miRNAs) have the functions of regulating gene expression through binding with the 3 0 untranslated regions (UTRs) of their targeted mRNAs . Several miRNAs including miR-682, miR-34a-5p and miR-146a are known to affect II/R injury. MiR-682 can down-regulate phosphatase and tensin homologue deleted on chromosome ten (PTEN) in intestinal epithelial cells to ameliorate II/R injury (Liu et al., 2016) . Inhibition of miR-34a-5p can alleviate II/R-induced ROS accumulation and apoptosis via activating sirtuin (Sirt)1 signalling (Wang et al., 2016) . MiR-146a can down-regulate IL-1 receptor-associated kinase 1 against II/R injury (Chassin et al., 2012) .
In order to identify the miRNAs relevant to a pathological condition, such II/R, it is important to find the miRNAs that are differentially expressed in biological samples taken from that condition. An effective method of such analysis is the microarrays assay, a high-throughput screening method, has been widely used for investigating drug targets and mechanisms of diseases Yuan et al., 2017) . Thus, the aim of the present work was to find the differentially expressed miRNAs associated with II/R injury by microarrays assay and then to investigate the molecular mechanisms and drug targets for the prevention and treatment of II/R injury.
Methods

Cell culture
The IEC-6 cells were obtained from Shanghai Institutes for Biological Sciences (Shanghai, China) and cultured in DMEM (Gibco, California, USA) supplemented with 5% FBS, streptomycin (100 mg·mL À1 ) and penicillin (100 IU·mL À1 ) in a humidified atmosphere of 5% CO 2 and 95% O 2 at 37°C. DMEM was replaced every 3 days in all experiments.
Cell hypoxia/reoxygenation (H/R) model
The IEC-6 cells incubated in Krebs-Ringer bicarbonate buffer were transferred to an incubator containing humidified atmosphere equilibrated with 1% O 2 , 94% N 2 and 5% CO 2 at 37°C for 2 h to simulate hypoxia condition. After that, the reoxygenation for different times (0.5, 1, 3, 6 and 12 h) was carried out by replacing the buffer with normal medium and normoxic conditions.
Cell viability assay
The IEC-6 cells were seeded in 96-well plates at a density of 5 × 10 3 cells per mL for 12 h. Then, the cells were subjected to the H/R procedure. At the ending of H/R, 10 μL of MTT (5 mg·mL À1 ) solution was added to each well and the medium was removed after incubation for 4 h at 37°C. Afterwards, a total of 150 μL of DMSO was added to each well and a POLA Rstar OPTIMA multi-detection microplate reader (BioRad, San Diego, CA, USA) was used to determine the absorbance at 490 nm.
ROS assay in vitro
The IEC-6 cells were seeded in 24-well plates at a density of 5 × 10 3 cells per mL and the H/R experiment was performed.
DCFH-DA was diluted with a serum-free medium to a final concentration at 10 μM. Then, the cell medium was removed and an appropriate volume of diluted DCFH-DA was added.
After that, the cells were washed three times with serum-free medium to remove DCFH-DA, and the images were captured by fluorescence microscopy (Olympus, Japan) with 200× magnification.
Animals
All animal care and experimental procedures were carried out in accordance with legislation regarding the Use and Care of Laboratory Animals (People's Republic of China ) and approved by the Animal Care and Use Committee of Dalian Medical University. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . All the animal studies complied with the principles of replacement, refinement or reduction (the 3Rs). Forty-eight male Wistar rats weighing 170-210 g (8-weeks old) and 48 male C57BL/6J mice weighing 18-20 g (4 weeks old) were supplied by the Experimental Animal Center at Dalian Medical University (Dalian, China) (SCKK: 2013-0006). The animals were randomly divided into six groups (n = 8): control groups and II/R groups. The animals were group-housed with 2-3 rats per cage on a 12 h light/dark cycle in a temperature-controlled (25 ± 2°C) room with free access to water and food, and allowed 1 week to acclimatize before experiment. The experiments were performed by investigators blinded to the group treatments.
The superior mesenteric artery and its adjacent tissues were cautiously isolated and clamped with a small vascular clamp for 45 min ischaemia, followed by reperfusion for 45, 90, 180, 360 and 720 min. After reperfusion, the animals were killed with an anaesthetic overdose and the whole intestine was rapidly removed and washed. The intestinal tissues were stored at À80°C.
Histopathological examination
The animals were killed after reperfusion, and then the intestinal samples were removed, washed with PBS at 4°C, fixed in 4% paraformaldehyde, embedded in paraffin, sliced (5 μm thickness) and stained with haematoxylin and eosin (H&E). II/R-induced mucosal injury was evaluated, according to Chiu's score, using a light microscope (Leica DM4000B, Germany). These evaluations were performed by investigators blinded to the treatment groups
Measurement of MDA, MPO and T-SOD levels in vivo
The levels of MDA, MPO and total SOD (T-SOD) in intestinal tissues of rats and mice were detected using the kits according to the manufacturer's instructions.
TUNEL assay in vivo and in vitro
TUNEL staining was performed using the assay kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. The paraffin tissue sections were dewaxed and immersed in protease K working fluid (10 μg·mL À1 ) for 20 min at 37°C. After washing three times with PBS, the sections were incubated with 50 μL (5 μL TdT + 45 μL fluorescein labelled dUTP solution) of TUNEL mixed solution for 1 h in the dark and wet box at 37°C. In vitro experiments, after washing with PBS for three times, the IEC-6 cells were fixed by 4% paraformaldehyde for 30 min and incubated in 0.1% Triton X-100 for 10 min. Then, 100 μL of TUNEL mixed solution was added into the sample for 1 h in the dark and wet box at 37°C. Finally, the images were captured by a fluorescent microscopy (Olympus, Japan) with 200× magnification.
miRNA array and analysis
The total RNA samples were isolated from the intestinal tissues of rats (n = 5) using Trizol (Invitrogen, California, USA) and purified with RNeasy mini kit (QIAGEN, Germany) according to the manufacturer's instructions. RNA quality and quantity was measured by using nanodrop spectrophotometer (ND-1000, Nanodrop Technologies, Delaware, USA), and RNA integrity was determined by gel electrophoresis. RNA labelling and array hybridization were carried out according to Exiqon's manual as follows: After quality control, the miRCURY™ Hy3™/Hy5™ Power labelling kit (Exiqon, Vedbaek, Denmark) was used for miRNA labelling according to the manufacturer's guideline. The Hy3™-labelled samples were hybridized on the miRCURYTM LNA Array (v.18.0) (Exiqon) according to the array manual, after stopping the labelling procedure. The slide images were scanned using the Axon GenePix 4000B microarray scanner (Axon Instruments, Foster City, CA). Scanned images were then imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged, and the miRNAs with the intensities ≥30 in all samples were chosen for calculating normalization factor. Expressed data were normalized using the median normalization. After normalization, those miRNAs which were significantly differentially expressed between model and control groups were identified -fold change>1.5 fold ; P < 0.05 . Finally, hierarchical clustering was performed to show distinguishable miRNA expression profiling among samples.
Validation of the differentially expressed miRNAs
The levels of some differentially expressed miRNAs of interest were examined by real-time PCR assay. Total miRNA samples were obtained from IEC-6 cells and rats using SanPrep Column microRNA Extraction Kit according to the manufacturer's protocol. The forward (F) and reverse (R) primers of miRNAs are given in Table S1 . The relative levels of the miRNAs were determined based on a two-step qRT-PCR using miRNA First Strand cDNA Synthesis (Tailing Reaction) and MicroRNAs qPCR Kit (SYBR Green Method) (Sangon, Shanghai) microRNA Detection Kit according to the manufacturer's protocol. U6 was used for normalization of miRNAs.
Prediction of target genes
The validated miRNAs were screened by three databases (mirbase, mirdb and miranda), and the potential target gene tree was obtained. Each target gene must be retrieved in at least two databases.
Dual luciferase reporter transfection assay
The amplified primers were designed according to the MAPK13 (Rattus) 3'UTR and Sirtuin 6 (Sirt6) (Rattus) 3'UTR sequences information, and the 3'UTR sequences of MAPK13 and Sirt6 genes were amplified by PCR using C6 genomic DNA as the template. Then, the sequences were cloned into the pmiR-RB-REPORT™ double luciferase reporter vector (Reported fluorescence for hRluc, corrected fluorescence for hluc as the internal reference), and the constituted plasmids were titled as MAPK13-WT and Sirt6-WT. The miR-351-5p binding site mutations were introduced using the MultisiteQuick change (Stratagene, USA) according to the Ribobio's protocol and cloned into the pMIR-RB-REPORTTM vector (Ribobio, China), and the reconstituted plasmids were called MAPK13-mutant (MUT) and Sirt6-MUT. The IEC-6 cells were seeded in 24-well plates at a density of 5 × 10 3 cells per mL for 24 h and then co-transfected with miR-mimics and MAPK13-MUT or Sirt6-MUT, miR-mimics negative control (NC) and MAPK13-MUT or Sirt6-MUT, miR-mimics and MAPK13-WT or Sirt6-WT, or miR-mimics NC and MAPK13-WT or Sirt6-WT. After 48 h transfection, the luciferase activities were assessed according to the Dual-Luciferase Reporter Assay protocol using a Veritas 96-well Microplate Luminometer with substrate dispenser (Promega, Wisconsin, USA).
Immunofluorescence assay
The paraffin tissue sections, dewaxed and incubated in a humidified box overnight at 4°C with the rabbit anti-MAPK13 and anti-Sirt6 with 1:100 dilution after blocking nonspecific protein binding, were incubated with Alexa fluoresceinlabelled secondary antibody for 1 h at 37°C and then stained with DAPI (5 μg·mL À1 ) for 10 min. Formalin-fixed cells were assessed at the same as tissue sections described above. The images were captured by a fluorescence microscopy (Olympus, Japan) with 200× magnification.
Quantitative real-time PCR assay
The total RNA samples were obtained from IEC-6 cells and intestine tissues of rats and mice using TransZol according to the manufacturer's protocol. Each RNA sample was reverse transcribed into cDNA using the kit of TransStart Top Green qPCR SuperMix. The forward (F) and reverse (R) primers of RNA are given in Table S2 . The CT value of genes among the data from each sample was normalized to β-actin.
Western blotting assay
The total protein samples from IEC-6 cells and the intestinal tissues of rats and mice were extracted according to the manufacturer's instructions. Proteins were loaded on SDS-PAGE (10-15%), transferred to PVDF membranes (Millipore, USA), blocked with 5% dried skim milk (Boster Biological Technology, China) for 2 h and incubated with primary antibodies (Table S3 ) overnight at 4°C. Then, the membranes were individually incubated for 2 h at room temperature with HRP-conjugated antibody at a 1:5000 dilution. Enhanced chemiluminescence method and ChemiDoc XRS (Bio-Rad, USA) were used to detect the expression levels of the proteins. Intensity values, expressed as the relative protein expression, were normalized to β-actin.
Mimic and inhibitor transfection of miR-351-5p in vitro
The IEC-6 cells were seeded in 24-well plates at a density of 5 × 10 3 cells per mL. The miR-351-5p mimic or inhibitor (Ribobio, China) was tested according to the manufacturer's protocol. MiR-351-5p mimic (8 nM, final concentration) or inhibitor (25 nM, final concentration) in 50 μL of Opti-MEM was mixed with 1 μL of lipofectamine in 50 μL of Opti-MEM (Ambion, USA). The IEC-6 cells were transfected with the complexes and maintained for 6 h, fed with original medium and cultured in normoxic conditions for another 24 h. Then, H/R (hypoxia for 2 h and reoxygenation for 1 h)-induced injury was carried out. An equal concentration of scrambled non-targeting control (mimic or inhibitor NC) was used for non-sequence-specific effect in the experiments. A range of variables, including cell viability, mRNA levels of inflammatory factors, ROS level, apoptosis and the expression levels of miR-351-5p and some proteins associated with the signals were assayed.
Agomir and antagomir transfection of miR-351-5p in mice C57BL/6 mice were randomly divided into six groups (n = 5): Control group, Agomir NC group, Antagomir NC group, II/R group, II/R + Agomir group, and II/R + Antagomir group. Agomir (20 nmol) and antagomir (50 nmol) were injected into the tail vein and then subjected to ischaemia for 45 min and reperfusion for 90 min. Agomir-NC (agomir NC) and antagomir-NC (antagomir NC) were also injected into tail vein. After II/R, the mice were killed and the intestinal tissues were obtained. Samples were examined histopathologically and mRNA levels of inflammatory factors, MPO level, apoptosis and the expression levels of miR-351-5p and some proteins associated with the signals were determined.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) . Data are expressed as the mean ± SD. GraphPad Prism 6.01 software (Graphpad Software, Inc, CA, USA) was used to handle these data and only when a minimum of n = 5 independent samples was acquired. Among them, some data were normalized for controlling unwanted sources of variation. Statistical analysis was performed with one-way ANOVA followed by Tukey's post hoc test when comparing multiple independent groups, and when comparing two different groups, the unpaired t-test was carried out. Post hoc tests were run only if F achieved P < 0.05 and there was no significant variance inhomogeneity. Statistical significance was considered to be P < 0.05.
Materials
Tissue increased and the morphology of IEC-6 cells was significantly changed, with the most marked changes at 60 min reoxygenation. We also assessed the acute intestinal injury in rats and mice after different reperfusion times at 45, 90, 180, 360 and 720 min ( Figure 1B ). After 90 min of reperfusion, a large number of inflammatory cells and necrosis were found in animals subjectd to II/R, compared with control groups. The intestinal damage in rats and mice was at its peak after reperfusion for 90 min based on Chiu's score and H&E staining.
H/R and II/R-caused oxidative stress, inflammation and apoptosis
As shown in Figure 2A -B, levels of MDA and MPO in intestinal mucosa of rats and mice were increased from 45 to 720 min of reperfusion compared with control groups and markedly decreased from 180 to 720 min of reperfusion compared with the peak after 90 min of reperfusion. The levels of T-SOD were decreased from 45 to 720 min of reperfusion compared with control groups and markedly increased from 180 to 720 min of reperfusion compared with 90 min of reperfusion. As shown in Figure 2C , the mRNA levels of IL-1β, TNF-α and intercellular cell adhesion molecule-1 (ICAM-1) were significantly increased from 45 to 720 min of reperfusion compared with control groups both in vitro and in vivo and then achieved the highest levels at 60 min of reoxygenation in IEC-6 cells and at 90 min of reperfusion in animals. The numbers of apoptotic cells reached the highest levels at 60 min of reoxygenation in vitro and at 90 min of reperfusion in vivo ( Figure 2D ).
Identification of the differentially expressed miRNAs
The heat map ( Figure 3A) showed the results of a two-way hierarchical clustering of the samples, and a total of 30 differentially expressed miRNAs were found by the microarray assay. The details of the up-regulated and down-regulated miRNAs are listed in Tables S4-S5 . Among them, 18 up-regulated miRNAs (miR-23a-5p, miR-300-5p, miR-21-3p, miR-344b-1-3p, miR-351-5p, miR-874-3p, miR-144-3p, miR-3572, miR27a-5p, miR-183-3p, miR-294, miR-451-5p, miR-483-3p, miR-883-5p, miR-125b-2-3p, miR-3573-3p, miR-485-3p and miR-490-5p) and 12 down-regulated miRNAs (miR-181c-5p, miR-187-3p, miR-532-5p, miR-194-5p, miR-203a-3p, miR-17-1-3p, miR-192-5p, miR-28-3p, miR-140-5p, miR-142-3p, miR-29c-3p and miR-362-3p) with clear statistical significance (P<0.05 different from control values) were identified. Furthermore, nine miRNAs -miR-144-3p, miR-3572, miR27a-5p, miR-142-3p, miR-23a-5p, miR-21-3p, miR-294, miR-
Figure 2
Oxidative stress, inflammation and cell apoptosis after H/R and II/R injury in vivo and in vitro. 
miRNA-351-5p aggravates II/R injury
351-5p and miR-362-3p -associated with oxidative stress, inflammation and apoptosis (Romay et al., 2015; Wang et al., 2015; da Silva et al., 2016; Dixit et al., 2016; Brea et al., 2017; Chen et al., 2017; Li et al., 2018) were selected for validation by real-time PCR assay in IEC-6 cells and rats. These results, shown in Figure 3B , were consistent with the results of the microarray assays.
Identification of the miRNA to be studied
The target genes of the nine validated miRNAs were predicted, and the results are shown in Figure 3C . The three circular areas are the numbers of the target genes of the nine miRNAs, and the candidate target genes of miR-351-5p are shown in the tree diagram ( Figure 3D ). In addition, we also found that the target genes of miR-351-5p should be MAPK13 and Sirt6 ( Figure 3D ), which are known to play important roles in regulating oxidant stress, inflammation and apoptosis. The miR-315-5p has been confirmed as a novel element targeting PTEN to control the proinflammatory environment in angiotensin II-treated cells (da Silva et al., 2016). However, there are no publications of the effects of miR-315-5p in II/R injury. Therefore, miR-351-5p was chosen as the target miRNA in the present work. Meanwhile, the candidate target genes of miR-351-5p were subjected to gene ontology (GO) and pathway assays. As shown in Figure 3E , the gene-Biology Process showed the target genes of miR-351-5p to be associated with many biological processes and signal pathways able to alter cell proliferation, apoptosis, oxidative stress and inflammation. Therefore, the roles of miR-351-5p in oxidative stress, apoptosis and inflammation induced by II/R were assessed.
MAPK13 and Sirt6 are the target genes of miR-351-5p
The homology of miR-351-5p genes of rats and mice reached to 96% (rno-miR-351-5p: UCCCUGAGGAGCCCUUUGA GCC UGA; mmu-miR-351-5p: UCCCUGAGGAGCC-CUUU GAGCCUG), and the construction schematic diagram of MAPK13 and Sirt6 pmiR-RB-REPORT™ double luciferase reporter vector is shown in Figure 3F . Double luciferase reporter assay results shown in Figure 3G demonstrated that the relative luciferase expression of MAPK13-WT + mimic group was significantly decreased compared with MAPK13-WT + mimic NC group. However, compared with MAPK13-MUT + mimic NC group, the relative luciferase expression of MAPK13-WUT+ mimic group had no obvious change. The double luciferase reporter test of Sirt6 showed the same results as MAPK13 ( Figure 3G ). Therefore, MAPK13 and Sirt6 showed specific binding sites with miR-351-5p, confirming that they were target genes of miR-351-5p.
miR-351-5p regulates MAPK13 signal to adjust inflammation
The expression levels of miR-351-5p in vivo and in vitro are shown in Figure 4A . In IEC-6 cells, the levels of miR-351-5p were strikingly increased at 30, 60 and 180 min of reoxygenation and reached a peak value at 60 min of reoxygenation. In mice and rats, the levels of miR-351-5p were significantly increased at 45-720 min of reperfusion and reached the highest levels at 90 min of reperfusion. As shown in Figure 4B , the levels of MAPK13 were clearly decreased in experimental groups, compared with control groups, and the lowest values were found at 60 min of reoxygenation in IEC-6 cells and at 90 min of reperfusion in animals, based on immunofluorescence and Western blotting assays. In addition, using as substrate the protein polycystic kidney disease 1 (PKD1), the activity of the MAPK13 signalling pathway was measured and the results showed that levels of p-PKD1 (Ser 916 ) or (Ser 744/748 ) and NF-κB (p65) were markedly increased in model groups compared with control groups with the peak values at 60 min of reoxygenation in IEC-6 cells, and at 90 min of reperfusion in animals ( Figure 4C ). Therefore, miR-351-5p could regulate inflammation during II/R injury by targeting MAPK13.
miR-351-5p regulates Sirt6 signalling to alter oxidative stress
As shown in Figure 5A , levels of Sirt6 were clearly decreased in model groups compared with control groups. We also measured the activity of the Sirt6/AMP-activated protein kinase (AMPK)/forkhead box O3 (FoxO3α) signalling pathway. The levels of p-AMPK, manganese-dependent SOD miRNA-351-5p aggravates II/R injury (MnSOD) and catalase were significantly decreased in model groups compared with control groups, with the lowest values after reoxygenation for 60 or 180 min in IEC-6 cells and at reperfusion for 90 or 180 min in animals. The levels of p-FoxO3α were markedly increased in model groups compared with control groups with the peak values at reoxygenation. for 60 min in IEC-6 cells and at reperfusion for 90 min in animals ( Figure 5B ). Thus, miR-351-5p could regulate the extent of oxidative stress during II/R injury by targeting Sirt6.
miR-351-5p regulates Sirt6 signalling to alter apoptosis
As shown in Figure 6A -C, the activity of the Sirt6/Bcl2-associated X (Bax) signalling pathway was assessed. Levels of Bax, cytochrome c, apoptotic peptidase activating factor All data are expressed as the mean ± SD (n = 5). * P < 0.05, significantly different from control group, # P < 0.05, significantly different from the 60 min reoxygenation or 90 min reperfusion group.
1, cleaved-caspase 3 and cleaved-caspase 9 were markedly increased in model groups compared with control groups with the peak values at reoxygenation. for 60 min in IEC-6 cells and at reperfusion for 90 min in animals. Therefore, miR-351-5p was able to regulate apoptosis during II/R injury, by targeting Sirt6.
Effects of over-expression or blockade of miR-351-5p in vitro
The results obtained so far prompted us to explore whether miR-351-5p aggravated II/R injury through repressing MAPK13 and Sirt6 signals, in our model system. We, therefore, tested the effects of over-expression or blockade of miR-351-5p in vitro. The results showed that the cell viability was significantly decreased after transfection with mimic compared with H/R group and the cell damage was clearly suppressed after transfection with inhibitor, compared with H/R group ( Figure 7A ). The expression level of miR-351-5p was markedly increased after transfection with mimic and decreased after transfection with inhibitor compared with H/R group ( Figure 7B ). In addition, the extent of oxidative stress, inflammation and apoptosis in IEC-6 cells was increased after transfection with mimic and reduced after transfection with inhibitor, compared with H/R group ( Figure 7C-E) . Levels of the proteins associated with MAPK13 and Sirt6 signalling are shown in Figure 7F -G. After transfection with mimic, the levels of MAPK13, Sirt6 and MnSOD were significantly decreased, and levels of NF-κB (p65) and cleaved-caspase 3 were increased, compared with H/R group. The levels of MAPK13, Sirt6 and MnSOD were markedly increased, and the expression levels of NF-κB (p65) and cleaved-caspase 3 were significantly decreased after transfection with inhibitor, compared with H/R group.
Effects of over-expression or blockade of miR-351-5p in vivo
As shown in Figure 8A , the intestinal injury was significantly reduced after transfection with antagomir and obviously increased after transfection with agomir based on the results of H&E staining and Chiu' score in mice. The level of miR-351-5p was markedly increased after transfection with agomir and decreased after transfection with antagomir 
Discussion
II/R can cause SIRS, distant organ damage and MODS. However, the molecular mechanisms of II/R injury are not fully understood. As far as we know, the extent of II/R injury is largely dependent on the reperfusion phase (Emily and Sherry, 2014; Michael and Sherry, 2015) , and our results also indicated that the injury reached its peak at 60 min of reoxygenation in IEC-6 cells and at 90 min of reperfusion in rats and mice. The damage was slightly reduced when the times of reoxygenation and reperfusion were longer than 60 and 90 min respectively. As mentioned earlier, oxidative stress, inflammation and apoptosis play important roles in the occurrence and development of intestinal I/R (Pope et al., 2010; Pantazi et al., 2013; Taha et al., 2014) . ROS and TUNEL staining are often used to evaluate oxidative stress and apoptosis. MDA and MPO are regularly considered as indices of oxidative stress. Levels of T-SOD represent the antioxidative ability of the whole body (Wang et al., 2013) . Proinflammatory chemokines and cytokines including IL-1β, TNF-α and ICAM-1 reflect inflammatory response (Liu et al., 2015) . In the present work, the conditions of oxidative stress, inflammation and apoptosis were clearly found in H/R injury in vitro and II/R damage in vivo.
In the past decade, miRNAs have emerged as significant regulators of several pathologies and have been reported to participate in the process of II/R injury. In this study, miR-351-5p was selected as the target miRNA to investigate the molecular mechanisms and drug targets associated with II/R injury based on microarray assays. Our results showed that miR-351-5p in the model groups was notably decreased, compared with the control groups in vitro and in vivo. The GO and Pathway assays revealed the basic biological functions of miR-351-5p. In addition, we found that MAPK13 and Sirt6 showed putative binding sites with miR-351-5p based on Dual-Luciferase Reporter assay, which confirmed that MAPK13 and Sirt6 are the target genes of miR-351-5p. Moreover, the protein levels of MAPK13 and Sirt6 were significantly suppressed by miR-351-5p. Interestingly, some studies have demonstrated that MAPK13 and Sirt6 can regulate oxidant stress, inflammation and apoptosis (Risco et al., 2012; Ikemura et al., 2013; Zhong et al., 2014; Zur et al., 2015) . Therefore, miR-351-5p may play important roles in regulating oxidant stress, inflammation and apoptosis, thus controlling II/R damage, by targeting MAPK13 and Sirt6.
The p38 MAPKs contain four family members including p38α (MAPK14), p38β (MAPK11), p38γ (Mapk12) and p38δ (MAPK13). Among them, MAPK13 plays a key role in diabetes through regulating insulin secretion and survival of pancreatic beta cells (Cuenda and Rousseau, 2007) . Furthermore, miRNA-351-5p aggravates II/R injury studies in knockout mice have shown that MAPK13 contributes to chronic inflammatory conditions (Alevy et al., 2012) . In addition, MAPK13 can inhibit PKD1 activation and decrease NF-κB transcription to release inflammatory factors (Schindler et al., 2009; Song et al., 2009; Ittner et al., 2012) . To further investigate whether miR-351-5p aggravated II/R injury through repressing the MAPK13/PKD1 signalling pathway, we used miR-351-5p knockdown and overexpression, in vivo and in vitro. The levels of inflammation were decreased after transfection with miR-351-5p antagomir compared with H/R group in cells and II/R group in mice, and the effects were achieved by reducing the expression levels of miR-351-5p to activate MAPK13 signal pathway. Thus, miR-351-5p regulated inflammation during II/R injury by targeting MAPK13. Sirt6, a member of the mammalian sirtuins family, can be considered as a NAD + -dependent deacylase and mono-ADPribosyltransferase of both acetyl groups and long-chain fatty acyl groups (Lerrer et al., 2015) . Sirt6 plays important roles in several cellular processes including transcription, telomere integrity, genome instability, inflammation, DNA repair, metabolism, ageing and cancer (Wang et al., 2017) . In addition, Sirt6 can reduce apoptosis by binding to a specific site of Bax promoter and activate FoxO3α directly or through AMPK activation to increase the antioxidant capacity of the body (Ran et al., 2016; Wang et al., 2016) . To further investigate whether miR-351-5p aggravated II/R injury through repressing Sirt6/AMPK/FoxO3α and Sirt6/Bax signalling, we used miR-351-5p knockdown and overexpression in vivo and in vitro. The results showed that the levels of oxidant stress and cell apoptosis were decreased after transfection with miR-351-5p antagomir compared with the H/R group in cells and II/R group in mice, and these effects were produced by reducing the levels of miR-351-5p to activate the Sirt6 signalling pathway. Thus, miR-351-5p regulated oxidative stress and cell apoptosis in II/R injury by targeting Sirt6. In summary, as shown in Figure S1 , we found that miR-351-5p aggravated II/R injury by promoting oxidative stress, inflammation and apoptosis in the intestinal mucosa, via targeting MAPK13 and Sirt6. Furthermore, this study highlights the possible clinical relevance of miR-351-5p and will allow the potential of this molecule to be fully assessed. In the near future, miR-351-5p may be tested as a novel biomarker or a promising target for II/R injury in clinical trials. Table S1 The primers sequences of miRNAs in the present work. Table S2 The primer sequencess used for real-time PCR assay in the present work. Table S3 The information of the antibodies used in the present work. Table S4 The up-regulated expression of miRNAs in II/R group compare with control. Table S5 The down-regulated expression of miRNAs in II/R group compare with control. Figure S1 Proposed signaling mechanism of miR-351-5p on II/R-induced intestinal injury. miR-351-5p was selected as the target miRNA by microarrays assay, and Sirt6 and MAPK13 were the target genes of miR-351-5p. II/R significantly down-regulated the expression levels of Sirt6 and MAPK13 by increasing the level of miR-351-5p, up-regulated the levels of p-PKD1, NF-κB(p65) and inflammatory factors including IL-1β, IL-6, TNF-α and ICAM-1, increased p-FoxO3αlevel via inhibiting AMPK, reduced MnSOD and CAT levels, and increased the levels of Bax, Cytc, Apaf-1, Cleaved-caspase3 and Cleaved-caspase9.MicroRNA-351-5p aggravated intestinal ischemia/ reperfusion injury by promoting intestinal mucosal oxidative stress, inflammation and apoptosis via targeting MAPK13 and Sirt6.
